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I INTRODUCTION 
One o f  t h e  pr imary goals o f  t h i s  study i s  t o  develop an approximate 
bu t  s u f f i c i e n t l y  accurate analys is  f o r  t he  problem o f  e lect romagnet ic  
(EM) p lane wave s c a t t e r i n g  by an open ended, per fect ly -conduct ing,  
s e m i - i n f i n i t e  ho l low c i r c u l a r  waveguide ( o r  duc t )  w i t h  a t h i n ,  uni form 
l a y e r  o f  lossy  o r  absorbing mater ia l  on i t s  i nne r  wa l l ,  and w i t h  a 
s imple te rm ina t ion  i ns ide .  
such a con f igu ra t i on  i s  i n  general a d i f f i c u l t  task,  t h i s  d i f f i c u l t y  can 
h o p e f u l l y  be subs tan t i  a1 l y  reduced i f  one proceeds from re1 a t i  ve l y  
s imple t o  more complex duct geometries and develops an understanding of 
t h e  bas ic  s c a t t e r i n g  mechanisms invo lved i n  such geometries. 
While t h e  ana lys is  o f  t h e  EM s c a t t e r i n g  by 
With t h e  above view i n  mind, t h e  l ess  d i f f i c u l t  bu t  use fu l  problem 
o f  t he  EM s c a t t e r i  ng by a two-dimensional (2-D), semi - i n f i n i t e  para1 l e 1  
p l a t e  waveguide w i t h  an impedance boundary cond i t i on  on t h e  i nne r  wa l l s  
was chosen i n i  t i a1 l y  f o r  analysis.  The impedance boundary cond i t i on  i n  
t h i s  problem serves t o  model a t h i n  l a y e r  o f  l ossy  d i e l e c t r i c / f e r r i t e  
coa t ing  on the  otherwi se per fec t l y -conduct i  ng i n t e r i o r  waveguide w a l l  s . 
An approximate bu t  e f f i c i e n t  and accurate ray s o l u t i o n  was obta ined 
r e c e n t l y  f o r  t h i s  problem. That s o l u t i o n  i s  p resen t l y  be ing extended t o  
t h e  case of a moderately t h i c k  d i e l e c t r i c / f e r r i t e  coa t ing  on t h e  w a l l s  
so as t o  be v a l i d  fur s i t u a t i o n s  where t h e  impedance boundary cond i t i on  
may not  remain s u f f i c i e n t l y  accurate. These s o l u t i o n s  w i l l  p rov ide  t h e  
1 
background f o r  t he  development of an analogous three-dimensional (3-D) 
s o l u t i o n  f o r  analyz ing the  EM sca t te r i ng  by a s e m i - i n f i n i t e  c i r c u l a r  
duct w i t h  an absorber ( lossy d i e l e c t r i c / f e r r i t e )  coa t ing  on i t s  i n n e r  
wa l l  and w i t h  a s imple terminat ion ins ide .  
It was mentioned above t h a t  as a f i r s t  step, t h e  s imple problem o f  
t h e  EM s c a t t e r i n g  by a semi - i n f i n i t e  open ended p a r a l l e l  p l a t e  waveguide 
was chosen f o r  ana lys i  s. 
exc i ted  by an EM plane wave which i s  i n c i d e n t  from t h e  e x t e r i o r  reg ion  
as shown i n  F igure 1. The reason f o r  i n i t i a l l y  choosing t h i s  s impler  
p a r a l l e l  p l a t e  problem was t o  examine t h e  e f f i c i e n c y  and u t i l i t y  o f  an 
approximate ray method o f  analys is  wh i l e  r e t a i n i n g  t h e  essen t ia l  
features o f  t h e  absorber coated c i r c u l a r  duct geometry bu t  w i thout  t h e  
added complexi ty o f  t h e  l a t t e r .  The approximate ray method of ana lys is  
was se lected here because o f  i t s  conceptual s i m p l i c i t y .  
Thi s semi -i n f  i n i  t e  para1 1 e l  p l  a t e  geometry i s  
i 
Figure  1. D i f f r a c t i o n  by an open ended s e m i - i n f i n i t e  p a r a l l e l  p l a t e  
waveguide wi th inner  impedance w a l l s  and per fec t l y -conduct ing  
ou ter  wa l ls .  
2 
While t h e  f i e l d s  sca t te red  i n t o  t h e  e x t e r i o r  reg ion  by t h e  edges o f  
t h e  s e m i - i n f i n i t e  p a r a l l e l  p l a t e  waveguide o f  F igure  1 as we l l  as the  
f i e l d s  coupled i n t o  t h e  i n t e r i o r  waveguide reg ion  are descr ibed here i n  
terms o f  rays d i f f r a c t e d  by t h e  edges and by t h e  rays which propagates 
i n s i d e  t h e  waveguide, respect ive ly ,  one can a l so  employ modes t o  
descr ibe t h e  f i e l d s  w i t h i n  the  i n t e r i o r  waveguide region. 
o f  course, t h a t  a t  h igh  frequencies where t h e  w id th  o f  t h e  p a r a l l e l  
p l a t e  waveguide becomes l a r g e  i n  terms of t h e  wavelength, one 
”genera l l y ”  requi  res many modes, and 1 i kewi se many rays, t o  represent 
t h e  f i e l d s  w i t h i n  t h e  waveguide so t h a t  n e i t h e r  t h e  modal nor  t h e  ray 
approach i s  expected t o  remai n e f f  i c i  en t  a t  h i  gh f requencies t o  descr i  be 
It i s  noted, 
t h e  i n t e r i o r  waveguide f i e l d s .  
t h a t  t h e  modal and t h e  ray procedures might become more e f f i c i e n t  if the  
On the  o ther  hand, one might a n t i c i p a t e  
impedance sur face was lossy  (i .e. i f  the  rea l  p a r t  o f  t h e  surface 
impedance was non-zero) as i s  t rue  f o r  i n l e t s  w i t h  absorber coat ing  on 
t h e  i n n e r  wa l ls .  
t. 
Figure  2. I n f i n i t e l y  long  ( in2z)  p a r a l l e l  p l a t e  waveguide exc i ted  by 
an i n t e r i o r  l i n e  source. 
3 
Clear ly ,  i n  order  t o  study the u t i l i t y  and r e l a t i v e  e f f i c i e n c i e s  o f  
t h e  ray and modal approaches f o r  desc r ib ing  t h e  f i e l d s  w i t h i n  t h e  l ossy  
wa l led  p a r a l l e l  p l a t e  waveguide region, i t  became necessary t o  study a 
second problem d i r e c t l y  r e l a t e d  t o  t h e  f i r s t  one i n  F igure 1. 
c o n f i g u r a t i o n  o f  t he  second re la ted  problem cons is ts  o f  an i n t e i r o r  l i n e  
source e x c i t i n g  a p a r a l l e l  p l a t e  waveguide w i t h  an impedance boundary 
The 
c o n d i t i o n  on i t s  i nne r  wa l l s  as shown i n  F igure  2. 
no te  t h a t  t he  geometry i n  Figure 2 i s  i n f i n i t e l y  long; whereas, t h a t  i n  
F igure  1 i s  s e m i - i n f i n i t e .  
It i s  impor tant  t o  
An exact modal s o l u t i o n  can be const ructed f o r  t h i s  source exc i ted  
i n f i n i t e  waveguide problem i n  Figure 2. Bas i ca l l y ,  an i n t e g r a l  
representa t ion  f o r  t h e  waveguide Green's f u n c t i o n  can be developed f i r s t  
f rom which a formal modal expansion i s  r e a d i l y  obtained v i a  Cauchy's 
res idue theorem app l ied  t o  t he  abovementioned i n t e g r a l  representat ion.  
Due t o  the  sur face impedance boundary cond i t i on  t h e  modal eigenvalues 
cannot be determined a n a l y t i c a l l y  and must there fore  have t o  be 
determi ned numerical l y  i n  t h i  s problem from t h e  resonant denominator of 
t h e  in tegrand ( p e r t a i n i n g  t o  the i n t e g r a l  representa t ion  of t h e  
waveguide Green ' s  f u n c t i o n )  . 
are  found numer ica l ly ,  t h e  modal (e igen func t i on )  expansion fo r  t h e  
impedance wa l led  p a r a l l e l  p l a t e  waveguide Green's func t i on  can a l so  be 
computed numer ica l ly .  Furthermore, an asymptot ic approximation of t he  
i n t e g r a l  representa t ion  f o r  t h e  waveguide Green's func t i on  ( a f t e r  t he  
resonant denominator i s  expressed as a geometric se r ies )  y i e l d s  t h e  
approximate ray ser ies  s o l u t i o n  f o r  t h e  same waveguide Green's funct ion.  
Once the  roo ts  o f  t h e  resonant denominator 
4 
The l a t t e r  ray s o l u t i o n  i s  t he  one which i s  o f  major i n t e r e s t  i n  t h i s  
study. Some of t h e  dominant ray paths i n  t h e  ray s o l u t i o n  f o r  t h i s  
problem i n  F igure 2 are shown i n  F igure  3. 
I n  t h e  ray method, t h e  f i e l d  f rom a source p o i n t  t o  an observat ion 
p o i n t  i s  t racked along ray paths t h a t  obey the  r u l e s  o f  geometrical 
op t i cs .  Such an approach can also suf fer  t he  l i m i t a t i o n s  o f  t he  exact 
modal s o l u t i o n  i n  t h a t  a l a r g e  number o f  rays can c o n t r i b u t e  t o  t h e  
f i e l d  p o i n t  i f  the  guide width i s  l a r g e  i n  terms o f  t he  wavelength. 
F igure  3. Dominant ray paths f o r  t h e  problem i n  F igure  2. 
However, some o f  t h e  advantages o f  t h e  pure ly  ray approach are t h a t  i t  
does a f f o r d  some phys ica l  i n s i g h t  i n t o  t h e  s c a t t e r i n g  mechanisms 
p a r t i c u l a r l y  i n  connect ion w i t h  t h e  coup l ing  o f  t h e  f i e l d s  from t h e  
e x t e r i o r  t o  t h e  i n t e r i o r  regions i n  t h e  case o f  t h e  s e m i - i n f i n i t e  
waveguide conf igura t ion ,  as wel l  as i n t o  the  e f f e c t  o f  t h e  wa l l  
impedance on t h e  f i e l d s  i n  t h e  i n t e r i o r  waveguide region. 
s o l u t i o n  does not  requ i re  one t o  evaluate the  eigenvalues which are 
essen t ia l  f o r  t he  cons t ruc t ion  o f  t he  modal so lu t i on .  This  eigenvalue 
Also, t he  ray 
5 
eva lua t i on  must be done numerical ly f o r  d i f f e r e n t  impedance values and 
f o r  each mode making t h e  modal approach more i n e f f i c i e n t  as compared t o  
t h e  ray approach. Furthermore, as w i l l  be i n d i c a t e d  l a t e r  i n  t h i s  
repo r t ,  i t  was found from the  numerical study o f  t h e  modal and ray 
so lu t i ons  t h a t ,  i n  general, t h e  ray s o l u t i o n  converged much f a s t e r  than 
t h e  modal s o l u t i o n  f o r  t he  case o f  i n t e r e s t ,  namely, when t h e  wa l l  
sur face impedance contained loss;  fur thermore, it was a lso  found i n  t h i s  
work tha t ,  i n  general, t he  r a t e  o f  convergence o f  t he  modal s o l u t i o n  d i d  
no t  improve s i g n i f i c a n t l y  even w i th  t h e  presence o f  l o s s  i n  t h e  wa l l  
sur face impedance. Thus, t h e  ray s o l u t i o n  i s  being pursued w i t h  a view 
toward ga in ing  an i n s i g h t  i n t o  the u t i l i t y  and accuracy of such a f i e l d  
representat ion.  
The format o f  t he  present repor t  i s  as fo l lows.  I n  sec t ion  11, t h e  
exact modal and t h e  approximate ray  s o l u t i o n  f o r  t h e  f i e l d s  i n s i d e  an 
i n f i n i t e l y  long  p a r a l l e l  p l a t e  waveguide w i t h  impedance wa l l s  i s  
analyzed f o r  t h e  case o f  e l e c t r i c  (or magnetic) l i n e  source e x c i t a t i o n .  
Numerical r e s u l t s  based on these two representat ions are a1 so i n d i c a t e d  
together  w i t h  a comparison o f  these modal and ray so lu t ions .  
ana lys i s  of t h e  EM s c a t t e r i n g  and cou lp ing  problems by open ended 
semi -i n f  i n i  t e  para1 I e l  p l a t e  waveguide are  presented i n  sec t ion  I I I 
together  w i t h  some numerical resu l ts .  
An 
6 
11. ANALYSIS OF A PARALLEL PLATE WAVEGUIDE WITH LOSSY WALLS 
The problem o f  a l i n e  source e x c i t e d  2-D p a r a l l e l  p l a t e  waveguide 
w i t h  impedance w a l l s  i s  analyzed i n  t h i s  sect ion.  An e x p ( + j o t )  t ime  
dependence i s assumed and suppressed i n  t h i s  a n a l y t i c a l  development . 
The 2-D t i m e  harmonic wave equat ion f o r  t h e  p a r a l l e l  p l a t e  Green's 
f u n c t i o n  G due t o  a l i n e  source a t  x = x '  and z = z '  i n  t h e  waveguide 
geometry of F igure 2 i s  given by 
where k i s  t h e  free-space wavenumber. I n  t h i s  2-D problem, t h e  EM 
f i e l d s  can be simply r e l a t e d  t o  t h e  Green's f u n c t i o n  G because one can 
s c a l a r i z e  t h e  s o l u t i o n  i n t o  the TEy and TMy cases. 
magnetic f i e l d  has on ly  a y component f o r  t h e  TEy case and l i kew ise ,  t h e  
e l e c t r i c  f i e l d  has on ly  a y component f o r  t h e  TMy case. 
yHy represent t h e  magnetic f i e l d  i n  t h e  TEy case; l i k e w i s e  l e t  E' = y Ey 
One notes t h a t  t h e  
A 
A 
Thus, l e t  fl = 
A A 
represent t h e  e l e c t r i c  f i e l d  i n  t h e  TMy case. The e x c i t a t i o n  i n  t h e  TEy 
case can be a magnetic l i n e  source o f  a s t r e n g t h  M a t  ( x ' , ~ ' ) ;  l i k e w i s e ,  
an e l e c t r i c  l i n e  source o f  s t rength I a t  ( x ' , z ' )  generates t h e  TMy 
f i e l d s .  These l i n e  sources are o f  i n f i n i t e  ex ten t  i n  t h e  ky d i r e c t i o n .  
It can be shown t h a t  Hy = -jkYMG and Ey = - jkZIG where Z (o r  Y )  i s  t h e  
A 
f ree-space impedance ( o r  admittance) , prov ided G s a t i  s f i  es t h e  f o l l  owing 
boundary cond i t i ons  : 
7 
aG 
ax - jk6,G = 0 - a t x = O  
a t x = a  9 
where 
Zo,a f o r  TEy case 
YO,a f o r  TMy case 
6o,a = { 
and ZO,a ( o r  Yo,) i s  t he  surface impedance ( o r  admittance) a t  x = 0 and 
x = a which i s  normalized t o  the free-space wave impedance (or 
admittance). (See F igure 2.) Using separat ion o f  var iab les,  t h e  
Green's func t i on  G(x,x';z,z') i s  represented i n  terms of t he  one 
dimensional Green's funct ions Gx(x,x') and G,(z,z') as [1,2] 
G(x,x' ; z , z ' )  
1 
2n j  
- -  - -  
where the  i n t e g r  t i o n  con our C, i n  t h e  above equat ion en loses  
s i n g u l a r i t i e s  o f  G,. So lv ing  (1) fo r  Gx subject  t o  t h e  boundary 
cond i t ions  i n  (Z), Gx(x,x') i s  found t o  be: 
( 3 )  
n l y  the  
8 
where X >  and X <  denote t h e  values of x which s a t i s f y  x < x '  and x > x', 
respect i v e l y  and 
I n  a d d i t i o n  
Ax t A, = k2  
Now Gz(z,z') which s a t i s f i e s  the r a d i a t i o n  c o n d i t i o n  f o r  I z l  + i s  
Therefore, G(x,x';z,z') becomes v i a  ( 3 ) , ( 4 )  ant. (5), .he f o l l o w i n g :  
where fix = kx, and fiz = kz transformat ions are  used. An eva lua t i on  
9 
o f  t he  above i n t e g r a l  i n  (6) v ia  t h e  res idue theorem y i e l d s  a 
representa t ion  f o r  G i n  terms of a summation o f  guided modes propagat ing 
along t h e  z d i r e c t i o n ;  namely: 
- j k x  x< - j k x  x >  j k x  x> OD 
G =  1 . (ejkxnx<+ Roe n ) ( e  n + Rae n ) 
n=O 2JkZ-kz a (RoRa 1 z, 
- j k z  I z - z ' l  
* e  n . (7) 
It i s  noted t h a t  t he  modes a r i se  f rom the  residues o f  t h e  poles i n  t h e  
in tegrand o f  (6). 
y i e l d  t h e  requ i red  poles. 
modes. 
in tegrand i n  (6)  v i a  a numerical 'Newton-Raphson' i t e r a t i o n  method 
which i s  descr ibed i n  Appendix A. 
The zeros o f  t h e  denominator o f  t he  in tegrand i n  ( 6 )  
Also these zeros y i e l d  t h e  eigenvalues of t h e  
These eigenvalues are obtained by s o l v i n g  t h e  zeros o f  t h e  t h e  
An a l t e n a t i v e  ray se r ies  representa t ion  f o r  G i s  obta ined by 
expanding t h e  resonant denominator o f  t h e  i n t e g r a l  i n  ( 6 )  i n t o  a 
p a r t i  a1 power ser ies,  
Then, 
10 
It i s  convenient f o r  subsequent eva lua t ion  o f  (9 )  t o  in t roduce f u r t h e r  
t ransformat ions 
kx  = k COS a 
kz  = k s i n  a . 
The Green's func t i on  G(x,x';z,z') o f  (9 )  i s  now expressed i n  the  complex 
a plane as 
j OD j kcosa*x< - jkcosa*x< - jkcosa*x> j kcos a*x> 
G = - G  +Roe 1 (e  + Rae 1 
- j k s i  n a* I z-z ' I n 
. e  *(RoRa) d a  . 
Af te r  in te rchang ing  t h e  orders o f  summation and i n t e g r a t i o n ,  each of t he  
i n t e g r a l s  i n  the  sum i s  evaluated asympto t i ca l l y  f o r  l a r g e  
k J ( x - x ' ) Z + ( z - z ' F  term by term v i a  the  method o f  steepest descent t o  
a r r i v e  a t  t h e  ray ser ies.  
t h e  above equat ion are  shown i n  F igure  4. 
The i n t e g r a t i o n  path and a saddle p o i n t  i n  
It i s  noted t h a t  t h e  ray ser ies could a l so  be const ructed d i r e c t l y  
f rom geomet r i  ca l  o p t i  cs consi derat  i ons . 
ray  f i e l d  representa t ion  which was mentioned above, t h e  magnitude o f  t h e  
ray ser ies  approximation t o  the Green's f u n c t i o n  i n  (11) has been 
examined by comparing t h i s  w i t h  t h e  magnitude o f  t h e  exact guided mode 
se r ies  i n  (7)  which i s  used as a re ference so lu t i on .  The magnitude of 
To assess t h e  accuracy of t h e  
11 
- 7y2 
Figure 4. I n t e g r a t i o n  path i n  complex a plane. 
t h e  Green's func t i on  i n  terms o f  t h e  exact modal s o l u t i o n  i s  p l o t t e d  
against  t he  normal ized d is tance KZ as a s o l i d  l i n e  i n  each o f  t h e  
f igures ,  wh i l e  t h a t  o f  t h e  ray s o l u t i o n  i s  p l o t t e d  as a dashed l i n e .  
For t h e  sake o f  convenience, the var ious  parameters which appear i n  





KA - normalized waveguide he igh t  
K X '  - normal ized x-coordinate o f  source p o i n t  
KX - normal i zed x-coordinate o f  observat ion poi  n t  
KZ - normal i zed z-coordinate of observat ion poi  n t  
PM - no. o f  propagat ing modes i n s i d e  t h e  waveguide 
EM - no. of evanescent modes inc luded i n  a f i g u r e  
N - terms which have been inc luded i n  t h e  summation o f  t h e  
ray se r ies  o f  (11) 
Ro 
Xo 
- res is tance of lower waveguide w a l l  
- reactance of lower  waveguide wa l l  
Ra - res is tance of upper waveguide wa l l  
Xa - reactance of upper waveguide wa l l  
K - wave number i n  t h e  medium given by K = 2n/X 
X - wavelength 
For KA = 50.0, t he re  are 16 propagat ing modes f o r  an e l e c t r i c  l i n e  
source and t h e  modal s o l u t i o n  i s  p l o t t e d  as a s o l i d  l i n e  i n  F igure  5 fo r  
t h e  range 1.0 < KZ < 41.0 which i s  examined here. The source and 
observat ion po in ts  are both equ id is tan t  from the  waveguide wa l l s  i n  t h i s  
case. The corresponding ray f i e l d  i s  shown as a dashed l i n e  f o r  t h e  
same range. Only N = 3 i s  used i n  the  ray s o l u t i o n  i n  con t ras t  w i t h  16 
modes i n  t h e  modal summation. As seen from t h e  f i g u r e ,  t h e r e  i s  a good 
agreement between modal and ray s o l u t i o n s  f o r  t h e  range KZ > 15.0. The 
discrepancy f o r  KZ < 15.0 i s  due t o  t h e  f a c t  t h a t  t h e  f i r s t  t h ree  
evanescent modes are c lose  t o  c u t o f f  and t h e  observat ion p o i n t  i s  near 
t h e  source po in t .  When t h i s  evanescent f i e l d  c o n t r i b u t i o n  i s  inc luded 
i n  t h e  modal so lu t i on ,  i t  i s  then found t o  agree wi th  t h e  ray 
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N= 3.0 
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E M =  0 .0  
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R f i =  0. 1 
X A =  0 .3  
F igure  5 IC\ f o r  an e l e c t r i c  l i n e  source e x c i t e d  i n f i n i t e  p a r a l l e l  
p l a t e  waveguide as a func t i on  o f  normalized d is tance KZ. 
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s o l u t i o n  very we l l  except i n  the reg ion  where t h e  observat ion p o i n t  i s  
very near t h e  source p o i n t  (KZ < 3.0) as shown i n  F igure  6. Hence, t h e  
fi r s t  t h ree  evanescent modes are inc luded i n  t h e  modal s o l u t i o n  shown i n  
a l l  t h e  o ther  f igures .  I n  Figures 7-9, t h e  ray  so lu t i ons  are  compared 
again w i t h  t h e  modal so lu t i ons  f o r  d i f f e r e n t  impedance values o f  the  
waveguide wa l ls .  As shown i n  the f igures ,  t h e  ray so lu t i ons  show very 
good agreement w i t h  t h e  correspondi ng modal so lu t ions .  
G i s  again p l o t t e d  f o r  a magnetic l i n e  source i n  F igures 10-13. From 
t h e  Figures 6-13, i t  may be concluded t h a t  t he  ray s o l u t i o n  converges 
f a s t e r  than t h e  modal so lu t i on .  This  convergence o f  t he  two so lu t i ons  
i s  examined i n  d e t a i l  l a t e r  i n  t h i s  sect ion.  
The magnitude of 
Another i n t e r e s t i n g  phenomenon which can take  p lace  i n  t h e  case o f  
a waveguide w i t h  impedance wa l ls  i s  t h a t  p e r t a i n i n g  t o  t h e  e x c i t a t i o n  of 
surface wave t ype  f i e l d s .  I n  the modal expression f o r  t h e  con f igu ra t i on  
i n  F igure 2, t he re  are two surface wave type modes i n  a d d i t i o n  t o  the  
usual waveguide type modes which are exc i ted  i f  the  impedance i s  
i n d u c t i v e l y  ( o r  c a p a c i t i v e l y )  reac t i ve  when t h e  e x c i t a t i o n  i s  due t o  a 
magnetic ( o r  e l e c t r i c )  l i n e  source w i t h i n  t h e  waveguide. These surface 
wave modes are d i s t i n c t  from the o ther  waveguide modes because, i n  
con t ras t  t o  t h e  o ther  modes, these modes disappear when t h e  w a l l s  become 
per fec t l y -conduct ing  (as the  impedance tends t o  zero) ; secondly, these 
p a r t i c u l a r  modes e x h i b i t  the  behaviour o f  t h e  usual bound surface wave 
f i e l d s  t h a t  can e x i s t  on a s ing le  impedance sur face exc i ted  by a l i n e  
source i f  t h e  wa l l  spacing i s  made s u f f i c i e n t l y  la rge .  
An impor tant  c h a r a c t e r i s t i c  o f  these sur face wave type f i e l d s  i s  
t h a t  t h e  energy associated w i t h  these f i e l d s  i s  guided very c lose  t o  
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R O =  0.1  
X O =  0 . 3  
RA= 0 . 1  
X A =  0.3 
Figure  6 I G l  for an e l e c t r i c  l i n e  source exc i ted  i n f i n i t e  p a r a l l e l  
p l a t e  waveguide as a func t i on  o f  normal ized d is tance KZ. 
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F i g u r e  7 IGl f o r  an e l e c t r i c  l i n e  source e x c i t e d  i n f i n i t e  p a r a l l e l  
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Figure 8 IGl for an e lectric  line sotirce excited inf inite  parallel 
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Figure 9 I G l  for an e lectric  line source excited inf inite  parallel 
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F igure 10 I G l  f o r  a magnetic l i n e  source e x c i t e d  i n f i n i t e  p a r a l l e l  
p l a t e  waveguide as a f u n c t i o n  o f  normalized d is tance KZ. 
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F igure  11 IGl f o r  a magnetic l i n e  source e x c i t e d  
p l a t e  waveguide as a f u n c t i o n  of norma 
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F igu re  12 I G l  f o r  a magnetic l i n e  source e x c i t e d  i n f i n i t e  p a r a l l e l  
p l a t e  waveguide as a f u n c t i o n  o f  normalized d is tance KZ. 
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F i g u r e  13 I G l  f o r  a magnetic l i n e  source excited i n f i n i t e  p a r a l l e l  
p l a t e  waveguide as a function a f  normal i zed  d i s t a n c e  KZ. 
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t h e  impedance surface. It i s  noted t h a t  i n  the  case o f  an i n d u c t i v e l y  
r e a c t i v e  impedance boundary one can e x c i t e  a sur face wave on t h i s  
boundary on ly  i f  the  l i n e  source i s  magnetic. 
source exc i tes  a sur face wave on an impedance boundary on ly  i f  t h e  
impedance i s  c a p a c i t i v e l y  react ive.  F igure  14 shows t h e  f i e l d s  i n s i d e  
t h e  waveguide of F igure  2 when the source and observat ion po in ts  a re  
both loca ted  c lose  t o  one o f  the impedance w a l l s  o f  t he  waveguide, and 
t h e  impedance i s  chosen t o  be i n d u c t i v e l y  r e a c t i v e  f o r  a magnetic l i n e  
source e x c i t a t i o n  so t h a t  surface wave modes can e x i s t .  The sur face 
wave modes are inc luded i n  t h e  r e s u l t s  obtained v i a  t h e  modal expansion 
s o l u t i o n  i n  t h i s  f i g u r e ;  l ikewise,  t he  corresponding e f f e c t  o f  t h e  
sur face wave ray f i e l d s  i s  a l so  inc luded i n  the  ray s o l u t i o n  i n  t h i s  
f i gu re .  
agreement between the  exact modal and t h e  approximate ray s o l u t i o n  i s  
no t  so good i n  F igure 14, unless t h e  d is tance from t h e  source t o  t h e  
observer i s  s u f f i c i e n t l y  large.  
discrepancy between t h e  two so lu t ions  could be t raced  t o  the  need f o r  an 
increased accuracy i n  t h e  asymptotic approximation o f  t h e  ray s o l u t i o n  
near t h e  sur face  when the  observat ion p o i n t  l i e s  w i t h i n  the  surface wave 
" t r a n s i t i o n  region". 
d is tance from t h e  source depending on t h e  value o f  t he  impedance; e.g., 
i t  becomes l a r g e r  f o r  t he  magnetic l i n e  source e x c i t a t i o n  of an 
i n d u c t i v e l y  reac t i ve  impedance boundary as t h e  i n d u c t i v e  reactance 
becomes smaller. 
peel  au t  d is tance requ i red  t o  es tab l i sh  t h e  sur face wave. 
Likewise an e l e c t r i c  l i n e  
Despi te the  i n c l u s i o n  o f  t h e  sur face wave e f fec ts ,  t h e  
It was found t h a t  t h e  reason f o r  t h i s  
This  t r a n s i t i o n  reg ion  extends over a c e r t a i n  
This  t r a n s i t i o n  reg ion  may be viewed as a launching o r  
A uni form 
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F igure  14 I G l  f o r  a magnetic l i n e  source when both source and f i e l d  
p o i n t s  are near t h e  lower wa l l  and t r a n s i t i o n  f u n c t i o n  i s  not 
inc luded i n  t h e  ray  so lu t i on .  
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asymptot ic t reatment o f  t h e  i n t e g r a l  representa t ion  o f  t h e  waveguide 
Green's func t i on  which y i e l d s  the ray  ser ies  provides a simple 
t r a n s i t i o n  func t i on  co r rec t i on  t o  t h e  sur face ray s o l u t i o n  i n  terms of a 
Fresnel i n t e g r a l  . The ord inary  ray se r ies  s o l u t i o n  i n c l u d i n g  t h e  
sur face wave ( o r  ray)  con t r i bu t i on  r e s u l t s  from a non-uniform asymptot ic 
t reatment  o f  t h e  i n t e g r a l  f o r  the waveguide Green's func t ion ;  t h i s  
o rd ina ry  ray s o l u t i o n  i s  accurate on ly  ou ts ide  t h e  sur face wave 
t r a n s i t i o n  region. A comparison o f  t h e  improved o r  un i fo rm ray s o l u t i o n  
w i t h  the  exact modal s o l u t i o n  shown i n  F igure 1 5  now ind i ca tes  t h a t  they 
are  i n  exce l l en t  agreement. Note t h a t  t h e  modal s o l u t i o n  i n  F igure  14 
i s  unchanged as compared t o  t ha t  i n  F igure  15; on ly  the  ray s o l u t i o n  has 
been improved i n  F igure  15 by inc lud ing  t h e  un i fo rm sur face wave 
t r a n s i t i o n  funct ion.  
ray  s o l u t i o n  p r e d i c t s  the  proper sur face wave t r a n s i t i o n  e f f e c t s .  Since 
sur face  wave e f f e c t s  are dominant on ly  i n  the  v i c i n i t y  o f  t he  surface on 
which the  source i s  located, these sur face wave e f f e c t s  are thus small 
whenever the  observat ion p o i n t  i s  l oca ted  f a r  from the  surface near 
which t h e  source i s  placed as shown i n  F igure 16. 
i n t e r e s t i n g  r e s u l t  i s  observed when t h e  source and observat ion p o i n t s  
l i e  on t h e  same impedance wa l l  o f  t h e  p a r a l l e l  p l a t e  waveguide as i n  
F igure  17. I n  F igure 17, t h e  ray s o l u t i o n  composed o f  t he  d i r e c t  ray  
c o n t r i b u t i o n  from the  source together  w i t h  t h e  c o n t r i b u t i o n  from rays 
s i n g l y  and m u l t i p l y  r e f l e c t e d  from t h e  w a l l s  i n t e r f e r e s  s t r o n g l y  wi th  
t h e  sur face wave f i e l d  p lus  the term con ta in ing  t h e  sur face wave 
t r a n s i t i o n  e f fec ts ,  s ince a l l  o f  t h e  l a t t e r  sur face wave e f f e c t s  are 
p a r t i c u l a r y  s i g n i f i c a n t  a t  and near t h e  sur face conta in ing  t h e  source. 
It i s  indeed g r a t i f y i n g  t o  see t h a t  t he  uni form 
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Figure  15 IG\ f o r  t h e  case o f  F igure  14 except t h a t  t h e  t r a n s i t i o n  
func t i on  i s  included i n  the ray so lu t i on .  
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F i g u r e  16 \GI f o r  a magnetic l i n e  source when a source p o i n t  i s  near 
t h e  lower w a l l  and a f i e l d  p o i n t  i s  near t h e  upper w a l l .  
28 
- MODAL SOLUTION 
RAY SOLUTION - - - - - - -  
0 
0 
1 I I I I I I I I 
1.0 9.0 17 .0  25.0 33.0 111 
KFI = 5 0 . 0  
K X  ’= 0 .0  
K X  = 0.0 
KZ 




R O =  0 . 1  
X O =  0 . 3  
R A =  0 . 1  
X A =  0.3 
Figure  17 I G l  f o r  a magnetic l i n e  source when both source and f i e l d  
po in ts  a r e  on the lower w a l l .  
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The r e s u l t  i n  F igure 1 7  ind ica tes  t h a t  t h e  sur face wave launched by 
t h e  i n c i d e n t  wave a t  t h e  edges i n  F igure  1 may r e f l e c t  s t rong ly  from any 
d i s c o n t i n u i t y  placed c lose  t o  t h e  w a l l s  o f  an absorber l i n e d  duct;  t h e  
r e f l e c t e d  sur face wave could then r a d i a t e  ou ts ide  t h e  i n l e t  geometry i n  
F igure  1 again v i a  d i f f r a c t i o n  from t h e  edges a t  t h e  i n l e t  opening. On 
t h e  o ther  hand, t h e  e f f e c t  o f  the sur face wave f i e l d  could be c o n t r o l l e d  
t o  e x h i b i t  a greater  a t tenuat ion  a long t h e  d i r e c t i o n  o f  propagat ion w i t h  
t h e  i n c l u s i o n  of g rea ter  l oss  i n  t h e  impedance sur face cha rac te r i z ing  
t h e  t h i n  absorber l i n e d  waveguide ( o r  i n l e t )  wal ls .  
To check the  nature o f  t h e  convergence o f  t he  modal and ray 
so lu t ions ,  t h e  magnitude o f  G i s  p l o t t e d  against  t h e  number o f  modes and 
rays f o r  a f i x e d  KZ i n  Figures 18-21 f o r  an e l e c t r i c  l i n e  source, and 
22-25 f o r  a magnetic l i n e  source f o r  var ious impedance values. It i s  
observed from the  f i g u r e s  t h a t  modal s o l u t i o n  reaches a s tab le  f i e l d  
value a f t e r  summing a l l  t h e  propagat ing modes fo r  KZ = 20.0. On t h e  
o the r  hand, a t  most N = 3 terms are needed i n  t h e  ray ser ies  t o  a r r i v e  
a t  t h e  same r e s u l t .  
As po in ted  out  above, it i s  observed from Figures 18-25 t h a t  t h e  
convergence o f  t he  ray s o l u t i o n  i s  f a s t e r  than the  modal so lu t i on ,  and 
secondly, t h e  convergence o f  the modal s o l u t i o n  i s  not  s i g n i f i c a n t l y  
improved by t h e  presence o f  loss i n  t h e  w a l l s  s ince a l l  t h e  propagat ing 
modes i n  t h i s  case (p lus one evanescent mode near the  source reg ion)  are 
requ i red  f o r  convergence. On the o ther  hand, t h e  convergence of t h e  ray 
s o l u t i o n  i s  improved much as t h e  impedance value becomes b igger  ( fo r  t h e  
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Figure  18 Convergence o f  model and ray s o l u t i o n  f o r  an e l e c t r i c  l i n e  
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Figure  19 Convergence o f  model and ray s o l u t i o n  f o r  an e l e c t r i c  l i n e  
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Figure 20 Convergence of model and ray solution for  an e l ec t r i c  l ine 
source a t  fixed KZ. 
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F i g u r e  21 Convergence of model and r a y  s o l u t i o n  f o r  an e l e c t r i c  l i n e  
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Figure  23 Convergence of modal and ray s o l u t i o n  f o r  a magnetic l i n e  
source a t  f i x e d  KZ. 
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Figure  24 Convergence of modal and ray  s o l u t i o n  f o r  a magnetic l i n e  
source a t  f i xed  KZ. 
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Figure  25 Convergence o f  modal and ray  s o l u t i o n  f o r  a magnetic l i n e  
source a t  f i x e d  KZ. 
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111. ANALYSIS OF AN ELECTROMAGNETIC SCATTERING FROM AN SEMI - INF IN ITE 
PARALLEL PLATE WAVEGUIDE WITH LOSSY WALLS 
Return ing t o  t h e  problem i n  F igure  1, t h e  f i e l d  a t  some observat ion 
p o i n t  i n s i d e  t h e  semi - i n f i n i t e  duct are due t o  the  d i r e c t  and r e f l e c t e d  
rays which would r e s u l t  f r o m  the i n c i d e n t  plane wave when i t  d i r e c t l y  
en ters  t h e  duct, as we l l  as due t o  t h e  rays d i f f r a c t e d  from the  edges 
which en te r  t he  duct a f t e r  d i f f r a c t i n g  from the  edges as shown i n  F igure 
26. 
0 B SER V AT I ON 
Figure 26. Dominant ray paths f o r  t he  problem i n  F igure 1. 
The i n c i d e n t  f i e l d  impinging on t h e  edges a t  t he  open end produces 
d i f f r a c t e d  rays which can be ca lcu la ted  v i a  Ma l iuzh ine ts '  edge 
d i f f r a c t i o n  coe f f i c i en t  [3] t h a t  i s  v a l i d  f o r  t he  problem o f  plane wave 
d i f f r a c t i o n  by a wedge wi th two face impedances. Here t h e  Mal iuzh ine ts '  
r e s u l t  [3] i s  spec ia l i zed  t o  the con f igu ra t i on  i n  F igure  1 corresponding 
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t o  the  case o f  a h a l f  p lane pe r ta in ing  t o  each of t h e  s e m i - i n f i n i t e  
waveguide wa l l s ;  I n  p a r t i c u l a r ,  t he  h a l f  p lane here i s  a specia l  case of 
a wedge w i t h  a zero i n t e r n a l  angle and w i t h  a non-zero impedance on 
one face (corresponding t o  t h e  inner  waveguide w a l l )  and w i t h  a zero 
impedance on t h e  o ther  face (corresponding t o  t h e  ou ter  
per fec t l y -conduct ing  waveguide wal l  ) o f  t h e  h a l f  plane. 
more approximate bu t  s impler  method [4]  f o r  computing t h e  d i f f r a c t e d  
rays by t h e  edges a t  open end i s  t o  modify the  d i f f r a c t i o n  c o e f f i c i e n t  
which i s  based on the  Uniform geometrical Theory o f  D i f f r a c t i o n  (UTD) 
s o l u t i o n  f o r  a per fect ly -conduct ing h a l f  p lane [5,6]. I n  t h i s  repor t ,  
t h e  modif ied d i f f r a c t i o n  coe f f i cen t  [4]  i s  used f o r  i t s  s i m p l i c i t y .  I n  
t h e  very near fu tu re ,  t h a t  d i f f r a c t i o n  c o e f f i c i e n t  w i l l  be replaced by 
t h e  d i f f r a c t i o n  c o e f f i c i e n t  ava i l ab le  from Mal iuzh ine ts '  work. The 
s impler  s o l u t i o n  i n  [4] i s  discussed below f o r  completeness. 
An a l t e r n a t i v e ,  
BASIC 2-D EDGE DIFFRACTION SOLUTION 
Consider a p lane wave inc iden t  on a h a l f  p lane whose one s ide  i s  
per fec t l y -conduct ing  and the  other s ide  i s  an impedance surface as shown 
i n  F igure 27. 
f o r  t h i s  problem may be expressed as the  sum o f  t h e  f i e l d s  associated 
w i t h  t h e  i nc iden t ,  r e f l e c t e d  and d i f f r a c t e d  rays such t h a t  
The t o t a l  UTD ray f i e l d  Uto t  a t  an observat ion p o i n t  (P) 












QR = poin t  o f  r e f l e c t i o n  
QE = poin t  of edge d i f f r a c t i o n  
F i g u r e  27 Rays associated w i t h  t h e  problem o f  l i n e  source e x c i t a t i o n  
o f  an impenetrable h a l f  p lane  w i t h  two f a c e  impedances. 
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e l e c t r i c  l i n e  source i s  used, whereas, i t  represents t h e  t o t a l  
y -d i rec ted  magnetic f i e l d  i f  a magnetic l i n e  source i s  present. 
f i e l d s  Ui and Ur are associated w i t h  the  usual geometr ical  o p t i c s  (GO) 
i n c i d e n t  and r e f l e c t e d  rays; whereas, t h e  f i e l d  U i s  associated w i t h  




According t o  t h e  regions where t h e  observat ion p o i n t  P i s  located,  
t h e  i n d i v i d u a l  terms may be expressed i n  t h e  f o l l o w i n g  forms 
U'(P) = 
u r ( P )  = 
- 
- j k s i  
A 0  e i n  regions I and 11, and A, i s  some 
t h e  s t rength o f  t he  l i n e  source. 
Jsi , known complex constant  r e l a t e d  t o  





- jks "  
I w i t h  U i ( Q ~ )  = A, e 
4 7  
( 1 4 )  
i n  Regions I 1  and I 1 1  
-.i ks I 
J S  ' t 
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where S i  ( o r  S r )  i s  t h e  distance f rom t h e  source (o r  p o i n t  o f  r e f l e c t i o n  
Q R )  t o  t h e  observat ion p o i n t  P and Sd i s  the  d is tance from t h e  edge (QE) 
t o  t h e  observat ion po in t .  Also R i s  a r e f l e c t i o n  c o e f f i c i e n t  f o r  t h e  
- 
sur face which i s  i l l u m i n a t e d  and i s  der ived  i n  Appendix B. 
El For a h a l f  p lane considered here, t h e  d i f f r a c t i o n  c o e f f i c i e n t  D 
TEY fo r  t h e  ( T M ~ )  case i s  given by [4,6] 
where 
and 
j x  = -j T 2 
F(x)  = 2 j G e  1 e d t  . 
F(x )  i s  c a l l e d  t r a n s i t i o n  func t i on  and invo lves  a Fresnel i n t e g r a l .  The 
magnitude and phase o f  t h e  t r a n s i t i o n  func t i on  i s  shown i n  Appendix C. 
Note t h a t  i n  (16), i f  t h e  magnetic ( o r  e l e c t r i c )  f i e l d  vector  i s  
p a r a l l e l  t o  t h e  edge, t h e  p o s i t i v e  (o r  negat ive)  s ign  i s  used. 
The d i f f r a c t i o n  c o e f f i c i e n t  i n  (16) i s  o f t e n  expressed by 
43 
w i t h  
This  d i f f r a c t i o n  c o e f f i c i e n t  prov ides a c o n t i n u i t y  i n  the  t o t a l  
f i e l d  across t h e  i nc iden t  and r e f l e c t i o n  shadow boundary t r a n s i t i o n  
regions. It i s  noted from Equations (13) and (14) t h a t  t h e  
geometr ical  o p t i c s  (GO) f i e l d  i s  d iscont inuous a t  these shadow 
boundaries; thus t h e  d i f f r a c t e d  f i e l d  must p roper l y  compensate t h e  
d i s c o n t i n u i t i e s  i n  t h e  i nc iden t  and r e f l e c t e d  f i e l d s  there.  I n  
p a r t i c u l a r ,  t h e  D ( $ - + ' )  t ype  t e r m  i n  t h e  D keeps t h e  t o t a l  f i e l d  
bounded a t  t h e  i n c i d e n t  shadow boundary (ISB); l i kew ise ,  t h e  D($+$J ' )  
I! 
term does the  same t h i n g  a t  the r e f l e c t i o n  shadow boundary (RSB). 
Usi ng t h e  d i  f f  r a c t i  on coef f  i c i  en t  devel oped above, t h e  i n c i  dent , 
re f lec ted ,  d i f f r a c t e d  and t o t a l  f i e l d s  are examined f o r  t h i s  geometry as 
shown i n  F igure  28. The d i f f e rence  between F igure  27 and 28 i s  t h a t  
t h e  l i n e  source i s  al lowed t o  recede t o  i n f i n i t y  i n  F igure 28 
g i v i n g  r i s e  t o  a plane wave i l l u m i n a t i o n .  I n  the  above f i gu re ,  R i s  t h e  
d is tance from t h e  edge o f  h a l f  p lane t o  t h e  f i e l d  po in t ,  and +' and + 
a re  i nc iden t  and observat ion angl e, respec t i  ve l y  . I n  add i t ion ,  Rs and 
Xs correspond t o  t h e  sur face res is tance and reactance of the  impedance 
wa l l ,  respec t ive ly .  
zero phase a t  QE) which i s  po la r ized  such t h a t  E i  = y Ey, t h e  
corresponding GO ( i nc iden t  and r e f l e c t e d )  and d i f f r a c t e d  f i e l d s  are 
For an i nc iden t  TM plane wave o f  u n i t  s t reng th  (and 
n i  
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p l o t t e d  against  t he  observat ion angle F igure 29. 
observat ion angles are measured from t h e  per fec t l y -conduct ing  face i n  
t h i s  case. 
t o t a l  GO ( i nc iden t  p lus  r e f l e c t e d )  f i e l d  i s  shown as a s o l i d  l i n e  i n  
t h e  f i gu re  w i t h  v e r t i c a l  a x i s  marked GO. 
f i e l d  r e s u l t s  from an in te r fe rence  between i n c i d e n t  and re f l ec ted  
f i e lds .  Note a lso  t h a t  t h e  d i c o n t i n u i t i e s  i n  t h e  GO f i e l d  are 
compensated by the  corresponding d i s c o n t i n u i t i e s  i n  t h e  d i f f r a c t e d  f i e l d  
as shown i n  t h e  f i g u r e s  w i t h  v e r t i c a l  ax i s  marked DIFFRACTED and TOTAL 
f i e l d s ,  respec t ive ly .  The t o t a l  f i e l d  i s  thus continuous f o r  a l l  
observat ion angles i n c l u d i n g  the IS9 ( 4  = 210') and RSB ( 4  = 150') 
d i rec t i ons .  S i m i l i a r  p l o t s  are shown i n  Figures 30-33 f o r  d i f f e r e n t  
i n c i d e n t  angles. I n  a l l  t h e  f i gu res  (29-33), the  t o t a l  f i e l d s  are 
continuous f o r  a1 1 observat ion angles . Addi t iona l  c a l c u l a t i o n s  are a1 so 
shown i n  Figures 34 -38 f o r  the TEy o r  perpend icu la r ly  po la r i zed  plane 
wave case w i t h  d i f f e r e n t  impedance values on t h e  h a l f  plane. The 
i n c i d e n t  and observat ion angles are measured from the  impedance wa l l  
s i de  i n  Figures 34-38. Note tha t  t h e  r i p p l e s  i n  t h e  t o t a l  f i e l d s  are 
g e t t i n g  smal ler  as t h e  l oss  i n  the  impedance wa l l  becomes h igher  because 
t h e  magnitude o f  r e f l e c t e d  f i e l d  decreases w i t h  h igher  loss.  
The i n c i d e n t  and 
The r e f l e c t e d  f i e l d  i s  p l o t t e d  as a dashed l i n e ;  whereas t h e  
The o s c i l l a t i o n  i n  t h e  GO 
The analys is  developed above can be employed t o  t r e a t  t h e  
s c a t t e r i n g  and coup l ing  problems associated w i t h  t h e  s e m i - i n f i n i t e  
p a r a l l e l  p l a t e  waveguide i l l u m i n a t e d  by a plane wave as shown i n  F igure 
1 because t h e  waveguide can be formed by two p a r a l l e l  h a l f  planes; one 
h a l f  p lane corresponds t o  t h e  lower wa l l ,  and t h e  o ther  one corresponds 
t o  the  upper wa l l  as shown i n  F igure 39. 
45 
Then according t o  t h e  l o c a t i o n  of t h e  f i e l d  p o i n t  i n s i d e  t h e  
waveguide, d i  f f e r e n t  combi nat ions of rays such as d i  r e c t  , ref1 ected, 
d i f f racted,and a l so  m u l t i p l y  r e f l e c t e d  rays  reach t h e  f i e l d  p o i n t  as 
shown i n  F igure  40. Of course, t h e  edge d i f f r a c t e d  rays a l so  reach t h e  
f i e l d  p o i n t  v i a  d i r e c t  and m u l t i p l y  r e f l e c t e d  ray paths. If t h e  spacing 
between t h e  w a l l s  i s  s u f f i c i e n t l y  l a r g e  i n  terms o f  t h e  wavelength, then 
t h e  e f f e c t  o f  t h e  rays m u l t i p l y  d i f f r a c t e d  across t h e  aper tu re  ( a t  t h e  
open end) be fore  they  e n t e r  t h e  waveguide can be neglected. Such rays 
which undergo m u l t i p l e  d i f f r a c t  ons across t h e  aper tu re  are ignored i n  
t h e  present work . 
As an i l l u s t r a t i o n ,  each type o f  ray f i e l d  i s  p l o t t e d  aga ins t  t h e  
a x i a l  d is tance from open end 
p lane wave w i t h  TMy o r  para1 
TEy o r  perpendi cu l  a r l y  po l  a r  
respec t i ve l y .  Note t h a t  t h e  
l o c a t e d  off t h e  wa l l s ;  hence 
t o  t h e  f i e l d  p o i n t  i n  Figures 41-43 f o r  a 
e l  p o l a r i z a t i o n ,  and i n  Figures 44-46 f o r  a 
zed plane wave f o r  var ious i n c i d e n t  angles, 
observation p o i n t  i n  a l l  these p l o t s  i s  
the sur face  wave e f f e c t s  a re  no t  expected 
t o  be s t rong i n  t h i s  case. As shown i n  these p lo t s ,  t h e  t o t a l  f i e l d s  
a re  continuous f o r  a l l  t h e  boundaries designated i n  F igure  40. 
p l o t s  are shown f o r  d i f f e r e n t  impedance values i n  Figures 47-49 f o r  a 
TMy i n c i d e n t  plane wave, and i n  Figures 50-52 f o r  a TEy i n c i d e n t  plane 
wave. 
S i m i l a r  
Using t h e  same d i f f r a c t i o n  c o e f f i c i e n t  as i n  (16 )  t h e  fa r  zone, 
f i e l d s  backscattered from t h e  i n l e t  a re  computed and shown i n  Figures 53 
and 54 as a f u n c t i o n  o f  i nc iden t  angle f o r  p a r a l l e l  and perpendicu lar  




F i g u r e  28. A h a l f  p lane  geometry w i t h  per fec t ly -conduct ing  on one s i d e  
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0.0 60.Q 120.0 180.0 240.0 300.0 360.0 
I I 1 I 0 
P H I  (DEGREE1 
RS= 0.5 
X S =  0.5 
0’ = 30.0 (DEGREE)  
R = 3.0 I L A f l B D A )  
F igure 29 Inc iden t ,  re f l ec ted ,  d i f f r a c t e d  and t o t a l  f i e l d s  f o r  a plane 
= yEy. 
’i A i  











0 '  
0.0 60.0 120.0 180.0 240.0 300.0 360.0 
P H I  ( D E G R E E )  
RS= 0 .5  
XS= 0.5 
9' = 60.0 (DEGREE) 
R = 3.0 (LAMBDA)  
F igure  30 Inc ident ,  re f l ec ted ,  d i f f r a c t e d  and t o t a l  f i e l d s  fo r  a plane 
wave o f  u n i t  strength which i s  p o l a r i z e d  such t h a t  E = yEy. 
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R = 3.0 (LAMBDA) 
Figure 31 Inc ident ,  r e f l e c t e d ,  d i f f r a c t e d  and t o t a l  f i e l d s  f o r  a plane 
= YE,,. 
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wave o f  u n i t  strength which i s  p o l a r i z e d  such t h a t  E 
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F igure  32 Inc ident ,  re f lec ted ,  d i f f r a c t e d  and t o t a l  f i e l d s  f o r  a plane 
= yEy. 
-i A i  
wave o f  u n i t  strength which i s  p o l a r i z e d  such t h a t  E 
51 
0 
- .  
0 
0 
-. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . .  . . . . . . .  . . . . . .  . . . . . . . . . . . . . . . . .  . . . . .  ........ ........ . . . . .  ........ . . . . . . .  
. . . .  
. . . . . .  ... ....... . . . . . . . . .  . . . . . .  ......... 
(u 







- .  .................................... .,.... . . . . . . .  Pp-: ...... . . . . . . . . .  ., . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  








P H I  (DEGREE)  
R S =  0 .5  
XS= 0.5 
$' = 150.0 (DEGREE) 
R = 3.0 (LAMBDA1 
Figure 33 Inc ident ,  re f l ec ted ,  d i f f r a c t e d  and t o t a l  f i e l d s  f o r  a plane 
= YE,,. 
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R = 3.0 (LAMBDA) 
F i g u r e  34 I n c i d e n t ,  r e f l e c t e d ,  d i f f r a c t e d  and t o t a l  f i e l d  for  a p lane  
'i - i  
wave o f  u n i t  strength which i s  p o l a r i z e d  such t h a t  H = yHy. 
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F igure  35 Inc ident ,  re f l ec ted ,  d i f f r a c t e d  and t o t a l  f i e l d  fo r  a plane 
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Figure 36 Incident, reflected, diffracted and total  f ie ld  f o r  a plane 
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Figure  37 I n c i d e n t ,  r e f l e c t e d ,  d i f f r a c t e d  and t o t a l  f i e l d  for  a p lane 
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F igure 38 Inc ident ,  re f lec ted ,  d i f f r a c t e d  and t o t a l  f i e l d  f o r  a plane 
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wave o f  u n i t  s t rength which i s  po la r i zed  such t h a t  H = yHy. 
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F i g u r e  39. S e m i - i n f i n i t e  p a r a l l e l  p l a t e  waveguide geometry showing 
t h e  i n c i d e n t  p lane  wave and t h e  angle o f  i n c i d e n t .  
from open end o f  t h e  waveguide t o  t h e  f i e l d  p o i n t .  Note t h a t  t h e  
backscat te red  f i e l d  i s  e n t i r e l y  due t o  edge d i f f r a c t e d  rays f o r  t h e  
semi - i n f i n i t e  waveguide wi thout  any i n t e r i o r  t e r m i n a t i o n .  These p l o t s  
a r e  repeated i n  Figures 55 and 56 as a f u n c t i o n  o f  t h e  waveguide width 
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I V .  SUMMARY AND DISCUSSION 
Electromagnet ic (EM) plane wave s c a t t e r i n g  by an open ended, 
per fec t l y -conduct ing ,  semi - i n f i n i t e  p a r a l l e l  p l a t e  waveguide w i t h  a 
t h i n ,  un i fo rm l a y e r  of lossy  mater ia l  on i t s  i nne r  wa l l  which i s  
approximated by a surface impedance boundary cond i t i on  i s  analyzed by 
t h e  ray method. The ray method prov ides an approximate bu t  s u f f i c i e n t l y  
accurate ana lys is  f o r  t h i s  problem as long as the  waveguide i s  l a r g e  ( i n  
terms o f  t h e  wavelength) t o  propagate t h e  f i e l d s  w i th in .  The numerical 
r e s u l t s  from t h e  ray method are  compared w i t h  those obtained from t h e  
f o r m a l l y  exact convent ional  modal s o l u t i o n  f o r  on ly  the  i n t e r i o r  
waveguide problem ( i n v o l v i n g  an i n f i n i t e l y  long  waveguide) i n  order  t o  
check the  accuracy o f  t he  i n t e r i o r  ray so lu t i on .  
i s  very good agreement between the  two so lu t ions .  
It i s  found t h a t  t he re  
Some of t h e  advantages o f  the  pu re l y  ray approach over the  modal 
approach are t h a t  i t  does a f f o r d  some phys ica l  i n s i g h t  i n t o  t h e  
s c a t t e r i n g  mechanisms p a r t i c u l a r l y  i n  connection w i t h  the  coup l ing  of 
t h e  f i e l d s  from t h e  e x t e r i o r  t o  t h e  i n t e r i o r  regions i n  t h e  case o f  t he  
s e m i - i n f i n i t e  waveguide conf igura t ion ,  as we l l  as i n t o  t h e  e f f e c t  o f  t he  
w a l l  impedance on the  f i e l d s  i n  t h e  i n t e r i o r  waveguide region. 
t h e  ray s o l u t i o n  does not  requ i re  one t o  evaluate the  eigenvalues which 
are  essent ia l  f o r  t h e  cons t ruc t ion  o f  t he  modal so lu t i on ;  these modal 
e i  genval ues must be found numerical l y  f o r  d i  f f e r e n t  impedance values, 
Also, 
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and f o r  each mode, making t h e  modal approach more i n e f f i c i e n t  as 
compared t o  t h e  ray approach. Furthermore, i t  was found t h a t ,  i n  
general,  t h e  ray s o l u t i o n  converged f a s t e r  than t h e  modal s o l u t i o n  f o r  
t h e  case o f  i n t e r e s t ,  namely, when t h e  w a l l  sur face impedance contained 
loss.  Furthermore, it was a l s o  found i n  t h i s  work t h a t ,  i n  general,  t h e  
r a t e  o f  convergence o f  t h e  modal s o l u t i o n  d i d  no t  improve s i g n i f i c a n t l y  
even w i t h  t h e  presence o f  l o s s  i n  t h e  w a l l  sur face impedance. 
The ray s o l u t i o n  which has been developed f o r  t h e  2-D s e m i - i n f i n i t e  
para1 1 e l  p l  a t e  waveguide conf i g u r a t i  on o f  F i  gure 1 w i  11 be extended next 
t o  analyze t h e  3-0 problem o f  EM plane wave s c a t t e r i n g  by a hol low, 
open-ended s e m i - i n f i n i t e  pe r fec t l y - conduc t ing  c i r c u l a r  duct w i t h  a t h i n  
absorber c o a t i n g  on t h e  i n n e r  w a l l .  
study, t h e  absorber coa t ing  on the conduct ing c i r c u l a r  waveguide w a l l s  
w i l l  be approximated by a uni form sur face impedance boundary cond i t i on .  
Subsequently, t h e  impedance boundary c o n d i t i o n  w i l l  be re laxed i n  both 
t h e  2-0 and 3-D cases t o  accommodate a moderately t h i n  absorber coat ing.  
such as a l ossy  d i e l e c t r i c  o r  f e r r i t e  coa t ing  o f  f i n i t e  th ickness ( i n  
which t h e  th ickness i s  e l e c t r i c a l l y  smal l ) .  The e f f e c t  on t h e  i n t e r i o r  
waveguide f i e l d s  due t o  v a r i a t i o n s  i n  t h e  e l e c t r i c a l  parameters and t h e  
th i ckness  o f  t h e  d i e l e c t r i c / f e r r i t e  w a l l  c o a t i n g  would be o f  spec ia l  
i n t e r e s t  i n  t h i s  study. 
Dur ing t h e  i n i t i a l  phase o f  t h i s  
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APPENDIX A 
A METHOD OF THE NUMERICAL SOLUTION OF MODAL EIGENVALUES 
The transcendental  equation f o r  s o l v i n g  t h e  modal eigenvalues i s  
obta ined by s e t t i n g  the  denominator of t he  in tegrand i n  Equation (6) 
equal t o  zero. Let  t h i s  equation be w r i t t e n  symbol ica l l y  as F(kx)  = 0. 
This  t ranscendental  equat ion can be reexpressed i n  terms o f  any of i t s  
roo ts  denoted by k, as: 
- j2kxa 
F (k,) = ( kx+k So) (kx+k 6a)e - (kx-kSO)(kx-ksa) 
A popular method o f  f i nd ing  the roo ts  o f  a t ranscendental  equat ion i s  
t h e  'Newton-Raphson' method. The bas ic  theory behind t h i s  method i s  
t h a t  t h e  func t i on  F(x )  i s  expanded i n  a Taylor  se r ies  about some p o i n t  
xo which gives 
F ( x )  = F(x0) + ( x - x O ) F ' ( X O ) +  1 /2  ( x - x O ) ~  F"(x0)  + (A .  2) 
With the  assumption t h a t  x i s  t he  roo t  and xo i s  a good i n i t i a l  guess of 
t h e  roo t ,  t h e  se r ies  can be w r i t t e n  approximately as 
s ince (x-xo ) i s  small due t o  x be ing approximately equal t o  xo by a 
good i n i t i a l  guess. 
Then t h e  above equat ion can be r e w r i t t e n  as 
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which gives t h e  i t e r a t i v e  equation 
where Xn and Xn+l are t h e  values o f  x a f t e r  t h e  n th  and (n+l) th 
i t e r a t i o n ,  respec t ive ly .  
As seen from the  above approximation, i t  i s  necessary t o  have a 
good i n i t i a l  guess when us ing  the 'Newton-Raphson' method. This  w i l l  
a l l ow  r a p i d  convergence t o  t h e  proper root .  
waveguide w i t h  per fect ly -conduct ing i n n e r  wa l l s  are used as the  i n i t i a l  
guess i n  the  modal ana lys is  o f  the  waveguide w i t h  impedance wal ls .  The 
The eigenvalues of t h e  
computer program stops i t e r a t i n g  when t h e  percent change i n  the  
magnitude o f  t he  roo t  between successive i t e r a t i o n s  i s  l ess  than m4. 
81 
APPENDIX 6 
REFLECTION COEFFICIENT FOR AN IMPEDANCE BOUNDARY 
Consider a plane wave ob l ique ly  i n c i d e n t  on a sur face impedance 
boundary, as shown i n  F igure 6.1. The i n c i d e n t  and re f l ec ted  waves make 
angles o f  0 i  and 0, w i t h  x axis,  respec t ive ly ,  and Zs i s  a normalized 
sur face impedance. The f i e l d  vectors shown i n  t h e  f i gu re  are those 









The i n c i d e n t  and r e f l e c t e d  magnetic f i e l d s  H i  and H r  i n  t h i s  TEy 
are represented by 
and 
- A 6 - -jkzsinOr -jkxcose, 
H r  = yHr = y Re e 0 
The t o t a l  magnetic f i e l d  Hy s a t i s f i e s  t h e  f o l l o w i n g  equat ion ont  he 
i mpedgance boundary 
a t x = O  . - aHY ax - j k Z  H = 0 
S Y  
(B.3) 
Therefore, i nco rpo ra t i ng  (B.1) and (B.2) i n t o  (B.3) g ives 
- j k z s i n o i  - -j k z s i  ner 
( j  kcos e i  - j kZs)e -R(jkcosOr+jkZs)e = o .  (8.4) 
From (B.4) one obta ins the  law o f  r e f l e c t i o n  ( e i  = 8r) so t h a t  t he  
f i e l d s  can be phase matched a t  the  boundary i n  order  t o  s a t i s f y  ( 2 . 3 ) .  
As a r e s u l t ,  (B.4) reduces t o :  
Hence t h e  r e f l e c t i o n  c o e f f i c i e n t  f o r  TEy case i s  given by 
Likewise, t h e  r e f l e c t i o n  c o e f f i c i e n t  f o r  TMy case i s  given by 
-1 
-1 . 
. COS e i  -Zs 





THE MAGNITUDE AND PHASE OF TRNSITION FUNCTION 
F igure  C . l  The magnitude and phase of t r a n s i t i o n  function. 
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